The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims at finding hot subdwarf stars with massive compact companions like massive white dwarfs (M > 1.0 M ⊙ ), neutron stars or stellar mass black holes. The existence of such systems is predicted by binary evolution theory and recent discoveries indicate that they exist in our Galaxy. First results are presented for seven close binary sdBs with short orbital periods ranging from ≃ 0.21 d to 1.5 d. The atmospheric parameters of all objects are compatible with core helium-burning stars. The companions are most likely white dwarfs. In one case the companion could be shown to be a white dwarf by the absence of light-curve variations. However, in most cases late type main sequence stars cannot be firmly excluded. Comparing our small sample with the known population of close sdB binaries we show that our target selection method aiming at massive companions is efficient. The minimum companion masses of all binaries in our sample are high compared to the reference sample of known sdB binaries.
Introduction
Subluminous B stars (sdBs) are core helium-burning stars with very thin hydrogen envelopes and masses around 0.5M ⊙ (Heber 1986 , see Heber 2009 . A large fraction of the sdB stars (40 % to 80 %) are members of short period binaries (Maxted et al. 2001; Napiwotzki et al. 2004a) . Several studies were undertaken to determine the orbital parameters of subdwarf binaries, and found periods ranging from 0.07 to more than 10 d with a peak at 0.5 to 1.0 d (e.g. Edelmann et al. 2005; MoralesRueda et al. 2003 ). For close binary sdBs, common envelope (CE) ejection is the most probable formation channel. In this scenario two main sequence stars of different masses evolve in a binary system. The heavier one will reach the red giant phase first and fill its Roche lobe. If the mass transfer to the companion is dynamically unstable, a common envelope is formed. Due to friction the two stellar cores lose orbital energy, which is deposited within the envelope and leads to a shortening of the biAustralian Research Council (Australia), Ministrio da Ciłncia e Tecnologia (Brazil) and Ministerio de Ciencia, Tecnologa e Innovacin Productiva (Argentina). This paper uses observations made at the South African Astronomical Observatory (SAAO). nary period. Eventually the common envelope is ejected and a close binary system is formed, which contains a core heliumburning sdB and a main sequence companion. If the companion has already evolved to a white dwarf (WD) when the red giant fills its Roche lobe, a close sdB+WD binary is formed (Han et al. 2002 (Han et al. , 2003 . Under certain conditions, two consecutive CE phases are possible as well.
In general it is difficult to put constraints on the nature of the close companions to sdB stars. Since most of the binaries are single-lined, only lower limits have been derived from the binary mass functions, which are in general compatible with main sequence stars of spectral type M or compact objects like white dwarfs. Only in special and hence rare cases can tighter constraints be put on the nature of the companions.
Subdwarf binaries with massive WD companions turned out to be candidates for supernova type Ia (SN Ia) progenitors because these systems lose angular momentum due to the emission of gravitational waves and start mass transfer. This mass transfer, either from accretion of He onto the WD during the sdB phase (e.g. Yoon & Langer 2004 and references therein), or the subsequent merger of the system after the sdB star itself has turned into a WD (Tutukov & Yungelson 1981; Webbink 1984) may cause the companion to approach the Chandrasekhar limit and explode as SN Ia.
SN Ia play a key role in the study of cosmic evolution (e.g. Riess et al. 1998; Leibundgut 2001; Perlmutter et al. 1999 ). One of the best known candidate systems for the double degenerate merger scenario is the sdB+WD binary KPD 1930+2752 (Maxted et al. 2000a; Geier et al. 2007 ). Mereghetti et al. (2009) showed that in the X-ray binary HD 49798 a massive (> 1.2 M ⊙ ) white dwarf accretes matter from a closely orbiting subdwarf O companion. The predicted amount of accreted material is sufficient for the WD to reach the Chandrasekhar limit. This makes HD 49798 another candidate for SN Ia progenitor. Furthermore, Perets et al. (2010) showed that helium accretion onto a white dwarf may be responsible for a subclass of faint and calciumrich SN Ib events. Geier et al. (2008 Geier et al. ( , 2010a Geier et al. ( , 2010b analysed high resolution spectra of sdB stars in close binaries. Assuming synchronised rotation they constrained the masses and the nature of the unseen companions in 31 cases. While most of the derived companion masses were consistent with either late type main sequence stars or white dwarfs, the compact companions of some sdBs may be either massive white dwarfs, neutron stars (NS) or stellar mass black holes (BH). However, Geier et al. (2010b) also showed that the assumption of orbital synchronisation in close sdB binaries is not always justified and that their analysis suffers from huge selection effects.
The existence of sdB+NS/BH systems is predicted by binary evolution theory Pfahl et al. 2003) . The formation channel includes two phases of unstable mass transfer and one supernova explosion. The fraction of sdB+NS/BH systems is predicted to be about 2% of the close sdB binaries (Geier et al. 2010b ). Yungelson & Tutukov (2005) and Nelemans (2010) performed independent binary evolution calculations and confirm that sdB+NS/BH systems should exist. According to the results of Nelemans (2010) about 1% of the subdwarfs in close binaries should have a neutron star companion, whereas only 0.01% should be orbited by a black hole. Yungelson & Tutukov (2005) predict the sdB+NS fraction to be of the order of 0.8%.
Since sdB stars eventually evolve to WDs there should also exist a population of white dwarfs with massive compact companions. Badenes et al. (2009) reported the discovery of a close binary consisting of a massive white dwarf and an unseen neutron star or black hole companion, but Marsh et al. (2010) most recently showed that the system is double-lined and consists of a massive white dwarf orbited by a low mass white dwarf. The system mass is below the Chandrasekhar limit. Their results were confirmed by Kulkarni & van Kerkwijk (2010) . Common envelope ejection was proposed as the most likely formation channel for the binary PSR J1802−2124, which consists of a millisecond pulsar and a CO white dwarf in close orbit (P = 0.7 d, Ferdman et al. 2010 ). This peculiar system may have evolved through an earlier sdB+NS phase.
The MUCHFUSS project
The discovery of sdB binary candidates with massive compact companions provides a first hint that a whole population of noninteracting binaries with such companions may be present in our Galaxy. The known candidate sdB+NS/BH binaries have low orbital inclinations (15 − 30
• , Geier et al. 2010b) . High inclination systems must exist as well and should be more numerous. In this case a determination of the orbital parameters is sufficient to put a lower limit to the companion mass by calculating the binary mass function. If this lower limit exceeds the Chandrasekhar mass and no sign of a companion is visible in the spectra, the existence of a massive compact companion is proven without the need for any additional assumptions.
The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS 1 (MUCHFUSS) aims at finding sdBs with compact companions like massive white dwarfs (M > 1.0 M ⊙ ), neutron stars or black holes. About 80 binaries have been selected for follow-up. Survey and target selection are described in detail in Geier et al. (2010c) . The same selection criteria that we applied to find such binaries are also well suited to single out hot subdwarf stars with constant high radial velocities (RV) in the Galactic halo and search for hypervelocity stars. First results of this second part of the project (Hyper-MUCHFUSS) are presented in Tillich et al. (2010) .
Here we present the spectroscopic analysis of the first sdB binaries discovered in the course of the MUCHFUSS project (see Table 1 ). In Sect. 3 the observations and the data reduction are described. Sects. 4 and 5 deal with the determination of the orbital and atmospheric parameters of the sdB stars. Sect. 6 explains the way the minimum masses of the unseen companions are constrained, while results are presented in Sect. 7. The efficiency of our target selection is discussed in Sect. 8, a short summary and an outlook are eventually given in Sect. 9. 
Multi-site observations and data reduction
Follow-up medium resolution spectra were taken during dedicated follow-up runs (see Table 2 ) with the EFOSC2 spectrograph (R ≃ 2200, λ = 4450 − 5110 Å) mounted at the ESO NTT, the ISIS spectrograph (R ≃ 4000, λ = 3440 − 5270 Å) mounted at the WHT, the TWIN spectrograph mounted at the CAHA-3.5m telescope (R ≃ 4000, λ = 3460 − 5630 Å), the Goodman spectrograph mounted at the SOAR telescope (R ≃ 2500, λ = 3500 − 6160 Å), the GMOS spectrograph (R ≃ 1200, λ = 3770 − 4240 Å) mounted at the Gemini North telescope and the IDS spectrograph mounted at the Isaac Newton Telescope (R ≃ 1400, λ = 3000 − 6800 Å). Informations about data taken in the course of our survey are provided in Geier et al. (2010c) . Additional data could be gathered, when our targets were observed with the IDS spectrograph ( In order to obtain a good wavelength calibration, arc lamp exposures have been taken before or after the single exposures. In addition to that bright single sdBs have been taken as RV standards in most of the runs. In some cases the RVs of certain instruments (TWIN, GMOS) had to be corrected by a constant offset of up to ≃ 50 km s −1 , which was derived from the RV measurements of the standard stars. The slit width was always chosen to be smaller than the size of the seeing discs to minimize sys- 
Orbital parameters
The radial velocities were measured by fitting a set of mathematical functions (Gaussians, Lorentzians and polynomials) to the hydrogen Balmer lines as well as helium lines if present using the FITSB2 routine (Napiwotzki et al. 2004b) . The RVs of the GMOS spectra have been measured by fitting three Gaussians to the H γ line. Three functions are used to match the continuum, the line and the line core, respectively and mimic the typ-ical Voigt profile of spectral lines. The profiles are fitted to all suitable lines simultaneously using χ 2 -minimization and the RV shift with respect to the rest wavelengths is measured. The RVs and formal 1σ-errors are given in Appendix B. Assuming circular orbits sine curves were fitted to the RV data points in fine steps over a range of test periods. For each period the χ 2 of the best fitting sine curve was determined. The result is similar to a power spectrum with the lowest χ 2 indicating the most likely period (see Fig. 4 ). In order to estimate the significance of the orbital solutions and the contributions of systematic effects to the error budget, we normalised the χ 2 of the most probable solution by adding systematic errors in quadrature until the reduced χ 2 reached ≃ 1.0. Using these modified uncertainties we performed Monte Carlo simulations for the most likely periods. For each simulation a randomised set of RVs was drawn from Gaussian distributions with central value and width corresponding to the RV measurements and the analysis repeated. From these simulations the probabilities for the orbital periods to deviate from our best solution by more than 1% or 10% were calculated. In order to derive most conservative errors for the RV semiamplitude K and the system velocity γ we fixed the most likely period and created new RV datasets with a bootstrapping algorithm. Ten thousand RV datasets were obtained by random sampling with replacement from the original dataset. In each case an orbital solution was calculated in the way described above. The standard deviation of these results was adopted as error estimate. The RV curves are given in Figs. 2 and 3 . The residuals of the RV curves after subtracting the best orbital solution are of the same order in all cases (see Figs. 2, 3) . The accuracy is limited by the resolution of the spectra and their signal-to-noise. Combining data obtained with different instruments is also expected to contribute to the systematic error. Nevertheless, we found that all orbital solutions given here are significant (see Table 4 ). Edelmann et al. (2005) reported the discovery of small eccentricities (e < 0.06) in the orbital solutions of five close hot subdwarf binaries. All of these binaries are expected to have formed via common envelope ejection. Although the CE phase is very short, it should nevertheless be very efficient in circularising the binary orbits. That is why the discovery of Edelmann et al. (2005) came as a surprise. Napiwotzki et al. (in prep.) found more such systems with even shorter periods.
In order to investigate whether the orbital solutions of our programme binaries can be improved by allowing for eccentricity, we fitted eccentric orbits to our radial velocity data and performed statistical tests (F-test, see Pringle 1975 , and the Bayesian information criterion BIC) to check whether eccentric solutions are significant or not. In all cases the circular solutions were preferred. However, the derived upper limits for the orbital eccentricities range from 0.15 to 0.3, which means that low eccentricities as the ones reported by Edelmann et al. (2005) cannot be firmly excluded.
Atmospheric parameters
Atmospheric parameters have been determined by fitting model spectra to the hydrogen Balmer and helium lines in the way described in Geier et al. (2007) . The single spectra have been corrected for their orbital motion and coadded. Depending on the effective temperature of the stars, LTE models with solar metallicity (T eff < 30 000 K) or ten times solar metallicity (T eff > 30 000 K) have been used. The enhanced metallicity models account for the radiative levitation of heavy elements in the diffusion dominated atmospheres (for a detailed discussion see O 'Toole & Heber 2006) .
In order to investigate systematic effects introduced by the individual instruments, especially the different resolutions and wavelength coverages, the parameters have been derived separately from spectra taken with different instruments. As can be seen in Table A .1 no constant systematic shifts are present. The weighted means have been calculated and adopted as final solutions. Typical systematic errors introduced by different model grids are of the order of ±0.05 in log g and 500 K in T eff (e.g. Lisker et al. 2005; Geier et al. 2007 ). These uncertainties were added in quadrature to the statistical errors.
Three of our programme stars have been classified as hot subdwarfs by Eisenstein et al. (2006) , but the authors pointed out that the atmospheric parameters of the sdO/Bs given in their catalogue are not accurate.
All stars of our sample are situated on or near the Extreme Horizontal Branch (EHB) and are most likely core-helium burning stars (see Fig. 5 ). Since the orbital periods of these binaries are short, they can only have formed via common envelope ejection. Population synthesis models (Han et al. 2002 (Han et al. , 2003 predict a mass range of M sdB = 0.37 − 0.48 M ⊙ for sdBs in binaries formed in this way. The mass distribution shows a sharp peak at a mass of about 0.47 M ⊙ . This theoretical mass distribution is consistent with analyses of close binary systems (e.g. Geier et al. 2007; For et al. 2010) as well as asteroseismic analyses of pulsating sdBs (see Charpinet et al. 2008 and references therein) . If the progenitor star was massive enough on the main sequence to ignite core helium-burning under non-degenerate conditions, the sdB mass may be as low as 0.3 M ⊙ . A small fraction of the sdB population is predicted to be formed in that way (Han et al. 2002 (Han et al. , 2003 . Especially for sdB binaries with massive companions this formation scenario may become important.
Constraining the nature of the unseen companions
Since the programme stars are single-lined spectroscopic binaries, only their mass functions can be calculated.
Although the RV semi-amplitude K and the period P can be derived from the RV curve, the sdB mass M sdB , the companion mass M comp and the inclination angle i remain free parameters. Adopting M sdB = 0.47 M ⊙ and i < 90
• we derive a lower limit for the companion mass (see Table 5 ).
Fig. 5. T eff − log g-diagram.
The helium main sequence (HeMS) and the EHB band (limited by the zero-age EHB, ZAEHB, and the terminal-age EHB, TAEHB) are superimposed with EHB evolutionary tracks from Dorman et al. (1993) .
For minimum companion masses lower than 0.45 M ⊙ the companion may be a late type main sequence star or a compact object like a WD. Main sequence stars in this mass range are outshined by the sdBs and not visible in optical spectra (Lisker et al. 2005) . That is the reason why the companions' nature still remains unknown for most of the ≃80 known sdB systems with low minimum companion masses (see Fig. 7 ). If on the other hand the minimum companion mass exceeds 0.45 M ⊙ , spectral features of a main sequence companion become visible in the optical. The non-detection of such features therefore allows us to exclude a main sequence star. The companion must then be a compact object. More massive compact companions like massive WDs, neutron stars or black holes are more likely as soon as the minimum mass exceeds 1.00 M ⊙ or even the Chandrasekhar limit 1.40 M ⊙ .
Due to the fact that we selected targets with high RV shifts, the distribution of orbital inclinations in our target sample is not random any more. Our selection strategy strongly favours high inclination angles, and therefore the companion masses are likely to be close to their minimum values. The probability of detecting eclipses, reflection effects or variations caused by ellipsoidal deformation in the light curves of systems with short orbital periods should therefore be significantly higher than in an unbiased sample.
Results
The spectra of all stars in our sample have been checked for spectral features of their companions. Hot subdwarfs with faint main sequence companions usually show spectral lines of the Mg i triplet at ≃ 5170 Å (Lisker et al. 2005 ) and the Ca ii triplet at ≃ 8650 Å. No such features are visible in the spectra of our programme stars (see e.g. Fig. 1 ). Stark & Wade (2003) analysed optical and IR photometry (2MASS) and found no indi- cation of an IR-excess caused by a cool companion in the case of J1654+3037. According to the catalogue of Reed & Stiening (2004) , who performed a similar analysis, J1505+1108 shows signs of an IR-excess in the H and K-bands, but the large errors of these measurements and the missing spectral signatures of a cool companion in the SDSS spectra are strong indications, that no visible companion is present. J1654+3037 and J2046−0454 have very similar orbital parameters. The periods are short (0.25 d) and the minimum companion masses are constrained to 0.32 M ⊙ and 0.34 M ⊙ . Whether the companions are M dwarfs or WDs is therefore not yet clear. In the former case a reflection effect should be easily detectable in the light curves. Photometric follow-up will allow us to clarify the nature of the companions.
The companion of the short period (0.2 d) system J1138−0035 is most likely a white dwarf. The minimum companion mass is constrained to 0.42 M ⊙ and no sign of a companion is seen in the spectra. A light curve taken by the SuperWASP project (Pollacco et al. 2006) shows no variation exceeding ≃ 1% (see Fig. 6 ). Due to the short period of this system a reflection effect should be visible, if the companion should be a cool main sequence star. The absence of such a variation leads to the conclusion that the companion is most likely a white dwarf.
The orbital periods of J1726+2744 (0.5 d), J2256+0656 (0.7 d) and J1505+1108 (0.74 d) are longer. Their minimum companion masses are similar (0.37 − 0.41 M ⊙ ) and close to the border between main sequence stars and white dwarfs. The companions of J1726+2744 and J2256+0656 are most likely WDs. Koen (2009) and Shimanskii et al. (2008) recently showed that reflection effects can still be detected in the light curves of sdB binaries with similar orbital periods. A reflection effect in J0023−0029 on the other hand is most likely not detectable, because the orbital period is too long (1.5 d).
Efficiency of target selection
The goal of the MUCHFUSS project is to find sdB binaries with massive compact companions and study this population of close binaries. We tried to optimise our target selection to achieve this goal. Fig. 7 illustrates the efficiency of our target selection. The RV semiamplitudes of all known sdB binaries with spectroscopic solutions (open symbols) are plotted against their orbital periods (Geier et al. 2010c ). Binaries which have initially been discovered in photometric surveys due to indicative features in their light curves (eclipses, reflection effects, ellipsoidal variations) are marked with open circles. Binaries discovered by RV variations from time resolved spectroscopy are marked with open diamonds. The dashed, dotted and solid lines mark the regions to the right where the minimum companion masses derived Most of the known sdB binaries are situated beneath the 0.45 M ⊙ line, which means that the companion type cannot be constrained from the mass function alone. Photometry is necessary to clarify the companions' nature in these cases. The most massive sdB binary known to date is KPD 1930+2752 with a WD companion of 0.9 M ⊙ . This short period system has been discovered based on indicative features in its light curve (upper left corner in Fig. 7 ; Billères et al. 2000) .
The seven binaries from the MUCHFUSS project are marked with filled diamonds. It can be clearly seen that they belong to the sdB binary population with the largest minimum masses close to 0.45 M ⊙ . We therefore conclude that our target selection is efficient and singles out sdB binaries with massive companions.
Summary and Outlook
A multi-site follow-up campaign is being conducted with medium resolution spectrographs mounted at several different telescopes of mostly 2 m to 4 m-class. First results were presented for seven close binary sdBs with short orbital periods ranging from ≃ 0.21 d to 1.5 d and most likely compact companions. The atmospheric parameters of all objects are compatible with core helium-burning stars on the EHB. Comparing our small sample with the known population of close sdB binaries we are able to show that our target selection method is efficient. All binaries solved up to now have high minimum companion masses compared to the rest of the sdB binary population.
Up to now we have found significant orbital solutions for about 10% of our target sample. Photometric follow-up observations will allow us to clarify the nature of the companions in most cases. A database of more than 700 spectra has been built up and some binaries will be solvable with only a few additional RV points. 
Appendix B: Radial velocities

